The existence of radiation-induced bystander effects mediated by diffusible factors is now accepted, but the mechanisms and precise behavior at low doses remain unclear. We exposed cells to ␥-ray doses in the range 0.04 mGy-5 Gy, harvested the culture medium, and transferred it to unirradiated reporter cells. Calcium fluxes and clonogenic survival were measured in the recipients. We show evidence for a dose threshold around 2 mGy for the human skin cell line used with a suggestion of increased survival below that dose. Similar experiments using direct ␥ irradiation showed no reduction in survival until the dose exceeded 7 mGy. Preliminary data for neutrons where the ␥-ray dose was kept below the bystander threshold do not show a significant bystander effect in the dose range 1-33 mGy. A lack of a bystander response with neutrons occurred at around 1 Gy, where significant cell killing from direct irradiation was observed. The result may have implications for understanding the role of bystander effects at low doses. ᭧
INTRODUCTION
Humans live in a radiation environment and are exposed to low levels of radiation through natural background, medical procedures and common items such as smoke detectors and televisions. Previously, most radiobiology experiments were carried out with relatively large doses of ionizing radiation, and few data were available to estimate the biological effects of low doses. National and international committees use a linear, no-threshold relationship, extrapolated from high doses, for estimation of risk of health effects of ionizing radiation at low radiation doses. Low-dose radiation has no immediately noticeable effects on humans; nevertheless, there is great interest in its long-term biological effects, which may include cancer in susceptible exposed individuals and genetic defects in their progeny. From recent data, new concepts and paradigms have arisen that are likely to change established views in radiation protection. In particular, the new findings affect our views on low-dose and low-dose-rate effects.
Low doses of radiation cause bystander effects; i.e., damage occurs in cells that were not traversed by radiation but were in receipt of signals from irradiated cells (1) (2) (3) . This is in contrast to the direct effect, in which cells are irradiated and show a response. These effects challenge the validity of the simple linear extrapolation because the relationship between dose and effect is not simple. Detailed information on the interaction between radiation and cells may help to rebuild the model in the low-dose region and will therefore be helpful for radiation protection as well as risk estimation (4) .
Bystander effects have been well documented after both ␣-particle and ␥ irradiation of many cell lines (5) (6) (7) (8) . Neutrons are another high-LET radiation; however, no information is available regarding induction of bystander effects by neutrons. Such information is essential for a precise evaluation of the risks of environmental radiation and radiation therapy regimens. Neutron radiation is always contaminated by a contribution from ␥ radiation. To differentiate the bystander effects of the two radiations, we need to know the dose threshold for induction of the bystander effects by ␥ radiation. As long as we can keep ␥-ray contamination below the threshold, the observed bystander effects should be caused solely by neutrons. In addition, we also need to investigate any possible ␤-particle dose due to activation of the cell medium, which will be exposed to neutron radiation.
There are two main kinds of studies of bystander effects: One implicates gap junctional intercellular communication in transmission of the signal (7, 9, 10) , and the other indicates medium from cells that have been exposed to ␥ radiation can reduce the survival of unirradiated cells, suggesting the existence of diffusible factors (3, 6) . In this study, the technique used was medium transfer. The effect was monitored using measurements of intracellular calcium after exposure, and we studied the colony-forming ability of directly irradiated cells as well as cells receiving medium harvested from irradiated cells (termed bystander cells).
Previous studies show that bystander effects occur in human skin keratinocytes (HPV-G) over a ␥-radiation dose range from 5 mGy to 5 Gy (11, 12) . The dose rates used in the previous studies were 18 and 108 Gy/h, respectively. In the present study, we looked at much lower ␥-ray doses and at neutrons. Clonogenic survival and calcium flux measurements were used for the end points since they provide independent indicators of the bystander effect. An increase in the cytoplasmic calcium concentration is an early signal for initiation of apoptosis (13, 14) . Lyng et al. demonstrated the ratiometric measurement of calcium to monitor the bystander effect (15) . This is a technique to investigate the ability of medium from irradiated cells to induce early events in apoptosis.
MATERIALS AND METHODS

Cell Line and Cell Culture
The HPV-G cell line has a well-characterized and stable bystander response, a reduction in cloning efficiency of ϳ40% over a wide range of radiation doses, and well-characterized calcium fluxes and mitochondrial effects (11, 15, 16) . This makes it ideal as a reporter system (17) . All cell culture procedures were performed in a class II biosafety cabinet. The cells were grown in DMEM/F12 medium containing 60 ml FBS, 5 ml penicillin-streptomycin, 5 ml L-glutamine, 15 mM Hepes buffer, and 1 g/ml hydrocortisone.
Clonogenic Assay Technique and Bystander Protocol
Flasks that were 85-90% confluent and that had received a medium change the previous day were selected. Cells were removed from the flasks using 0.25% w/v trypsin/1 mM EDTA solution (1:1). When the cells had detached, they were resuspended in medium, and an aliquot was counted using a Z2 Coulter Particle Count and Size Analyzer. Appropriate cell numbers (ϳ300) were pipetted for plating to optimize the ratio of signal molecules to cell number. Cell survival was determined by using the clonogenic assay technique of Puck and Marcus (18) . We irradiated at low cell density for the direct experiments so we could get colonies without trypsinizing and replating the cells. Flasks destined to donate medium were plated with around 5 ϫ 10 5 cells per 5 ml medium to give approximately 100,000 cells per milliliter in T-25 40-ml flasks (Nunclon, Denmark). Medium was harvested 1 h postirradiation, which took place 6.0 Ϯ 0.2 h after plating. The harvested medium was transferred to cultures containing cloning densities of cells set up at the same time as the donors. Controls for medium only and actual radiation effects were included in each experiment. Controls for transfer of unirradiated medium from densely seeded cultures to cultures seeded at cloning densities were always included. Cultures were incubated in 5 ml of culture medium in 25-cm 2 T-25 40-ml flasks in a humidified 37ЊC incubator in an atmosphere of 5% CO 2 in air.
Irradiation
The ␥-ray sources used in this study were two 60 Co sources. The dose rates of the two sources were 2.7 and 7.0 mGy/h, respectively. We used a high-dose dosimeter (loose chips) from Global Dosimetry Solutions Inc. to measure the dose rate. The chips were immersed in the cell growth medium, which was in the flasks. The source-to-flask distance was 10 cm, and seven different doses (0.04-7 mGy) were used. The doses below 1 mGy were given by the weak source (2.7 mGy/h) and the other four doses were given by the 7-mGy/h source.
Neutron irradiations were performed at the McMaster Accelerator Laboratory. The neutrons were produced by bombarding a thick lithium target with 2.30 MeV protons in the laboratory's Van de Graff accelerators (KN and Tandetron), inducing the 7 Li (p,n) 7 Be reaction. This procedure produces a broad neutron spectrum extending to 600 keV as described by Aslam et al. (19) . The competing 7 Li (p,pЈ) 7 Li reaction produces a 0.478 MeV ␥ ray which is also emitted in the ␤ Ϫ decay of 7 Be. A 1.95-cm lead shield placed between the target and the irradiation position is used to attenuate the ␥ rays. Irradiative capture of thermalized neutrons in surrounding material also produces a ␥-ray field. The dose rates for the KN accelerator (40 cm away from target) and the Tandetron (10 cm away from target) were 0.7 Ϯ 0.1 and 25 Ϯ 8 mGy/min, respectively.
Microdosimetric methods were used to determine both the neutron and ␥-ray doses from the KN accelerator. Dose measurements indicated the radiation field to be uniform over the region to be irradiated. The flasks containing the cells surrounded a 1.27-cm-diameter spherical Rossi counter (Far West Technology) so that the doses were monitored directly during the irradiation. The counter of the assembly was 40 cm from the target. Analysis of the pulse-height distribution revealed the ␥-ray dose to be less than 3% of the neutron dose. Experiments were performed in which neutron doses in the range between 1 and 33 mGy were used to irradiate the cells. Measurements were made with the high-dose dosimeters (loose chips) in contact with flasks, and a liquid scintillator was used to assay any potential activity in the medium. Neither significant dose nor significant activity was observed.
One higher neutron dose was given to the cell cultures using the Tandetron accelerator due to the dose-rate limitation of the KN accelerator. The cultures were about 10 cm from the target. The shielding geometry of the Tandetron accelerator did not allow simultaneous dose measurements when the cell cultures were exposed to the neutrons. This higherdose neutron irradiation (ϳ1 Gy) was a preliminary trial, and doses were estimated based on the beam current setting of the accelerator.
For each dose, the experiments were repeated three times. In each experiment, each group (donor and directly irradiated) consisted of six flasks (three for unirradiated controls and three for irradiation). All the flasks were wrapped with aluminum foil to protect cells from the exposure to light since phenol red in the culture can produce toxicity when exposed to light. This is a routine practice in our laboratory. The cultures were irradiated at room temperature. Cultures were returned to the incubator immediately after irradiation. Cells were irradiated 6.0 Ϯ 0.2 h after plating.
Medium Transfer
This technique has been described in detail by Mothersill and Seymour (6) . The previous results showed that contact times after irradiation from 30 min to 24 h resulted in no significant differences in the toxicity of bystander medium to unirradiated cells (6) . Briefly, medium was poured off from donor flasks that had been in the incubator for 1 h after irradiation. The medium was filtered through a 0.22-m filter to separate the cells from the transferred medium. Culture medium was then removed from the flasks designated to receive irradiated medium. In each experiment, 14 ml of the filtrate from the donor cells was immediately added to these recipient flasks without any washing. The remaining filtrate (1 ml) was stored in a refrigerator for less than 1 month and then shipped to Dublin for calcium measurement, which was done by an observer who was blinded to the cell survival data.
Ratiometric Measurement of Calcium
Intracellular calcium levels were determined relative to control levels using two visible-wavelength calcium-sensitive dyes, Fluo 3 and Fura Red (Molecular Probes, Leiden). Fluo 3 exhibits an increase in green fluorescence upon binding to calcium, whereas Fura Red exhibits a decrease in red fluorescence upon binding to calcium. The ratio Fluo 3/Fura Red is a good indicator of intracellular calcium levels (20) . HPV-G cells (approximately 1 ϫ 10 5 ) were plated 24 h prior to measurement into 35-mm petri dishes with glass inserts (MatTek Corp, Ashland, MA). Cultures were washed twice with a buffer containing 130 mM NaCl, 5 mM KCl, 1 mM Na 2 HPO 4 , 1 mM CaCl 2 and 1 mM MgCl 2 (pH 7.4). Cells were loaded with the calcium-sensitive dyes by incubation with 3 M Fluo 3 and 3 M Fura Red AM esters for 1 h in the buffer at 37ЊC. Subsequently, the cultures were washed three times with buffer. Fluo 3 and Fura Red were excited at 488 nm and fluorescence emissions at 525 nm and 660 nm were recorded simultaneously using a Zeiss LSM 510 confocal microscope. Ratio images and time series data of the Fluo 3/Fura Red fluorescence intensities were recorded every 2 s. Bystander medium was added after 60 s when a stable baseline had been established. For the analysis, a mean value from the fluorescence intensity values of approximately 50 individual cells was recorded. All measurements were performed at room temperature. The calcium ionophore A23187 (100 nM) was used a positive control to exclude experimental artifacts.
The intracellular calcium concentration was calculated using the fluorescence intensity of Fluo 3 according to the equation
where the value 9 is the dynamic range of Fluo 3. The dynamic range of an indicator is a measure of how much the fluorescence intensity changes upon binding of Ca 2ϩ
. Kd is the apparent Ca 2ϩ -binding affinity of Fluo 3 determined in situ, 810 nM, and f/f o is the relative change in Fluo 3 intensity (20) .
Incubation
The two groups of cells (directly irradiated and recipients of bystander medium) were left untouched in the incubator for 10 days. Then 10% formalin was used to fix the cells, and the colonies were counted.
RESULTS
The experiments reported here were designed to investigate the ␥-ray threshold of bystander effects for HPV-G cells. The plating efficiencies of the control groups for the different doses are all around 20%. Table 1 shows the survivals, corrected for the control plating efficiency, of the irradiated cells and the cells receiving bystander medium from cultures that had received different doses. No data were available for calcium measurements at the lowest three doses because the samples were destroyed during the shipment from Hamilton, Canada to Dublin, Ireland. The relative survival curves for the two groups of cells also include the data from refs. (11, 12) and Mothersill (unpublished data). The clonogenic survivals for the direct and bystander are shown in Fig. 1A and B, respectively. Figure 1A shows that there is no direct cell killing at low dose rates (Ͻ7 mGy/h) when the doses are less than 10 mGy. For the bystander effect, shown in Fig. 1B , the survival at 3 mGy is significantly less than 100% (P Յ 0.005). Two plateaus are seen in Fig. 1B: A solid line crossing 100% indicates no cell killing in the low-dose region, and a broken line crossing around 60% shows a stable cell survival from the bystander effect when the doses are greater than 300 mGy.
Calcium signal measurements for the seven different ␥-ray doses are shown in Table 1 . The cell survival at 3 mGy began to decrease from 100%, at which point the calcium flux could be detected. As discussed in the Introduction, the results for calcium are therefore consistent with the cell data from the clonogenic survival experiments.
Based on the results of the ␥-radiation study of the bystander effect, we examined the bystander effect caused by neutrons when the ␥-ray doses were kept below 1 mGy, well below the observed ␥-ray threshold dose of 2 mGy. The results in Table 2 show that there is no significant cell killing by either direct irradiation or transferred medium from irradiated cells when the doses are below 33 mGy. Meanwhile, no calcium fluxes were observed from the bystander medium at neutron doses of 7 Ϯ 1 and 27 Ϯ 3 a This neutron high-dose radiation experiment was a very preliminary trial, and doses were estimated based on the beam current setting of the accelerator.
mGy. The data also show a lack of a bystander response with neutrons at a high dose (1.0 Ϯ 0.3 Gy), where significant cell killing occurs for direct neutron irradiation.
DISCUSSION
Bystander effects are well-observed radiobiological phenomena in the low-dose region. The aims of this study were to see whether there is a dose threshold for bystander effects and to perform a preliminary investigation of neutron effects. The ␥-ray doses used were below 10 mGy, which can cause bystander effects, and were delivered at much lower dose rates than in previous work. Our clonogenic data indicate that there is no significant cell killing caused by direct ␥ irradiation or by the bystander effect when the doses are less than or equal to 2 mGy. Direct ␥ irradiation does not cause significant cell killing when the dose is less than 30 mGy. No bystander effect is expected in the directly irradiated group. Previous studies showed that around 2 ϫ 10 5 cells are required to produce sufficient bystander signal (3, 6) . We have investigated quantitatively the possibility that every cell within the exposed population will be irradiated at very low doses (ϳ10 mGy). The frequency mean specific energy per event (z F ) for a 10-m site (diameter of HPV-G cell) irradiated by with 60 Co ␥ rays can be estimated as 0.56 mGy. An average single-event specific energy (z F ) resulting in a certain dose (D) corresponds to an average number of events per site N ϭ D/z F . The average number of events per site for a 10-mGy dose is 17.9. Based on the Poisson distribution, we can conclude that in a population of 300 cells the expected number not suffering an interaction is 5 ϫ 10 Ϫ6 cells at 10 mGy, i.e., none of the cells in the directly irradiated group would be bystanders.
The colony measurement is subject to some degree of statistical fluctuation. These inherent fluctuations represent an unavoidable level of uncertainty in this experiment, e.g. from plating by using a pipette. The experiments were repeated three times for each dose to get better statistical results. The data were presented as means Ϯ standard errors. The final mean value was the weighted average of all the observations for each dose. The error analysis covers all the uncertainties in this study.
The data in Fig. 1 are for different dose rates (the maximum difference is of the order of 10 4 ). These data show the difficulties with giving low doses at high dose rate and vice versa. To achieve a low dose (2 mGy) while using a high-dose-rate radiotherapy machine (18 Gy/h), only 0.4 s is needed, which is less than the transit time [0.6 s (11)]. Mothersill and Seymour (12) achieved their lowest dose (5 mGy) by increasing the source-to-flask distance to the max-imum. Giving high doses at low dose rate is limited by the exposure time of the cell cultures to room temperature.
The direct irradiation data (Fig. 1A) are discrete among the different dose-rate data. We have no explanation why the scatter in the direct effect data is greater than for the bystander data. It may be because of the oxidative stress induced by the direct irradiation, which would vary from cell to cell depending on where the cell was hit and what response it was able to induce, but when the bystander medium was transferred to unirradiated cells, the same stress would induce a bystander factor in all the cells. The data indicate that cell survival percentages after direct irradiation may be dependent on dose rate. This would contribute to increased scatter in the direct-effect data. Bystander-effect (medium transfer) data, however, show a smooth curve and do not indicate any significant dose-rate dependence. Furthermore, the bystander effect exists when the ␥-ray dose is greater than or equal to 3 mGy. This result suggests that there is a dose threshold for the bystander effect between 2 and 3 mGy for the cells we used. This conclusion is consistent with the calcium measurements, for which a signal is absent for doses at 1 and 2 mGy but exists in the higher-dose regions. Furthermore, the bystander effect observed at three different dose rates could be independent of dose rate. In the very low-dose region (micrograys), there is a suggestion of increased survival after exposure to both bystander signals and direct doses in the low-dose range. The increased survivals for direct and bystander effects are not at exactly the same doses. We are not yet in a position to postulate a mechanism.
Based on the results from the previous study and our experimental data, we report for the first time a bystander effect caused by low-dose neutron irradiations. In this case, no significant cell killing was observed for either the direct or bystander exposures at doses below 33 mGy. For the low neutron doses used, the contribution from ␥ rays is below the observed threshold between 2 and 3 mGy. The apparent lack of a bystander effect for the neutron-irradiated cells is intriguing and unexpected. Examination of the difference between the results for radiation and neutron radiation is ongoing. The observed results may contribute to a better understanding of radiation effects.
